Changes in light intensity directly affect the performance of the photosynthetic apparatus. Light energy absorbed in excess of cells' needs leads to production of reactive oxygen species and photo-oxidative damage. Excess light in both constant and dynamic environments induces photoprotective acclimation in plants. Distinct sets of signals and regulatory mechanisms are involved in acclimatory adjustment of photoprotection and photosynthesis under constant and dynamic (fluctuating) light conditions. We are still far away from drawing a comprehensive picture of acclimatory signal transduction pathways, particularly in dynamic environments. In this perspective article, we propose the use of Arabidopsis plants that produce H 2 O 2 in chloroplasts (GO plants) under atmospheric CO 2 levels as a tool to study the mechanisms of long-term acclimation to photo-oxidative stress. In our opinion there are new avenues to future investigations on acclimatory adjustments and signal transduction occurring in plants under dynamic light environments.
oxygen species (ROS) and photo-oxidative damage in oxygenic photosynthetic organisms. A range of mechanisms have evolved to reduce uncontrolled production of ROS and to protect the photosynthetic apparatus against their detrimental effects (Foyer and Noctor, 2000; Endo and Asada, 2008; Li et al., 2009 ). These include thermal energy dissipation which is rapidly induced in light-harvesting antenna complexes by a proton concentration gradient ( pH) across the thylakoid membrane (termed qE), alternative sinks for excess electrons (e.g., water-water cycle and cyclic electron flows around photosystem I, CEF) which contribute to pH formation especially when liner electron transport rate (ETR) is low, and enzymatic and non-enzymatic antioxidative systems which detoxify ROS ( Figure 1A) .
When EL conditions persist, plants are able to augment their photoprotective capacities via long-term acclimation. In general, multiple mechanisms of photoprotective acclimation ( Figure 1A ) operate in plants under constant as well as dynamic EL environments. In particular, fluctuating light (FL) with short periods of EL (i.e., dynamic EL) induces, primarily or initially, long-term acclimatory changes that are characterized by improved protection against photo-oxidative stress and reduced carbon gain (Alter et al., 2012) . For instance, LL-grown Arabidopsis plants upregulate photoprotection in highly dynamic EL conditions without developing symptoms of severe photooxidative injuries, such as strong photoinhibition or bleaching (Alter et al., 2012) . Similar photoprotective responses are also seen during acclimation to high light (HL, i.e., constant EL), although in HL they are often accompanied by enhancement of photosynthesis and thus increased carbon gain (Leakey et al., 2002; Alter et al., 2012) . There seems to be an inverse relationship between the maximum photosynthetic capacity, which is developed through photosynthetic acclimation, and the frequency of LL-HL transitions (Retkute et al., 2015) . Selective upregulation of photoprotection, but not photosynthesis, in highly dynamic FL suggests that distinct sets of signals and regulatory mechanisms are involved in acclimatory adjustment of photoprotection and photosynthesis, and that signal molecules, which trigger photo-oxidative stress acclimation, are produced in leaves under the FL conditions. In this article we use the term "FL" to refer to highly dynamic EL conditions, while we are aware that FL may not always cause EL and photo-oxidative stress, depending on the amplitude and frequency of light fluctuations (Yin and Johnson, 2000; Alter et al., 2012; Retkute et al., 2015) .
CHLOROPLAST RETROGRADE SIGNALING IS INVOLVED IN PHOTO-OXIDATIVE STRESS ACCLIMATION
Today it is widely recognized that ROS not only can damage cellular components but also act as signals to induce abiotic and biotic stress responses (Foyer and Noctor, 2000; Apel and Hirt, 2004; Mittler et al., 2011; Karpinski et al., 2013; Dietz et al., 2016 (Asada, 1999; Foyer and Noctor, 2000) . Among these, H 2 O 2 alone would be able to diffuse into the cytosol because high reactivity and charge of the other species prevent them from diffusing a long distance across chloroplast envelopes. Intracellular H 2 O 2 signaling engages both compartment-specific and non-specific pathways. In the case of retrograde signaling, chloroplastic H 2 O 2 produced by ectopic overexpression of glycolate oxidase (GO) in chloroplasts (Fahnenstich et al., 2008) ( Figure 1B ) induces transcriptional changes in the nucleus, which partly, but not fully, overlap with the responses to peroxisomal H 2 O 2 (Balazadeh et al., 2012; Sewelam et al., 2014) .
Though 1 O 2 may not move far, it can give rise to secondary messengers by reacting with nearby molecules such as β-carotene (Ramel et al., 2013) . Oxidation of β-carotene produces β-cyclocitral, a reactive electrophile species that can modify transcription of 1 O 2 -responsive genes in the nucleus (Havaux, 2014) . Whilst some β-carotenes are continuously oxidized and degraded in thylakoids during illumination with or without EL (Beisel et al., 2010) , elevated production of 1 O 2 and thus β-cyclocitral under photo-oxidative stress may trigger acclimatory responses that are distinct from 1 O 2 -induced cell death (op den Camp et al., 2003) .
The number as well as the variety of agents implicated in chloroplast retrograde signaling have been increasing in the last years. For example, the redox state of the plastoquinone pool, different metabolites (e.g., tetrapyrroles, phosphoadenosine phosphate, and methylerythritol cyclodiphosphate) and hormones (abscisic acid, salicylic acid, and jasmonic acid) are regarded as such signaling agents to trigger long-term acclimatory adjustments (Dietz and Pfannschmidt, 2011; Sun et al., 2011; Estavillo et al., 2012; Xiao et al., 2012; BarajasLopez Jde et al., 2013; Karpinski et al., 2013; Dietz, 2015; Laloi and Havaux, 2015) . To reconstruct signaling networks from individual components and pathways is a major challenge in understanding time-dependent regulation and interaction of stress response networks in plants (Dietz, 2015) . Acclimation to photo-oxidative stress has been studied extensively in the context of HL or constant EL acclimation, in which plants manifest parallel enhancement of photoprotection and photosynthesis alongside other responses related to temperature and/or water stress. Highly dynamic FL, which predominantly elicits photoprotective responses (Alter et al., 2012) , offers a complementary approach to investigate signals and pathways that are primarily engaged in photo-oxidative stress acclimation.
Arabidopsis PLANTS THAT PRODUCE H 2 O 2 IN CHLOROPLASTS ARE A MODEL TO STUDY PHOTO-OXIDATIVE STRESS ACCLIMATION AND SIGNALING
Arabidopsis plants, in which GO is targeted to chloroplasts, generate H 2 O 2 in chloroplasts under ambient CO 2 concentrations (photorespiratory conditions) (Fahnenstich et al., 2008; Strand et al., 2015) . Because the GO reaction depends on the substrate FIGURE 1 | General mechanisms of photoprotection (highlighted in red) occurring in chloroplasts of wild type (WT) (A) and the GO plants (B). Three mechanisms represented are (i) qE, the thermal energy dissipation of excess absorbed light at the light harvesting complex (LHC) of Photosystem II (PSII); (ii) CEF, the cyclic electron flow around Photosystem I (PSI), and (iii) enzymatic and non-enzymatic ROS scavenging through production of O 2 , H 2 O 2 and H 2 O. These mechanisms operate both in FL and CL; the only difference demonstrated so far is a more dramatic effect of CEF in FL than in CL. Shown in or around the thylakoid membrane are the components of photosynthetic electron transport chain: plastoquinone (PQ), cytochrome b 6 f complex (Cytb 6 f), plastocyanin (PC), and ferredoxin (Fd). In addition, the activities of RubisCO as carboxylase and oxygenase in light and under ambient CO 2 and O 2 conditions are shown. In the WT, the 2-phosphoglycolate (2-PG) produced initiates the photorespiratory cycle (PR; not shown in detail in the figure; for details see (Maurino and Peterhansel, 2010) ). In the GO plants, 2-PG is delivered to the PR and the glycolate produced in the chloroplasts is also used by glycolate oxidase (GO) generating H 2 O 2 . 3-PGA, 3-phosphoglycerate; PGLP: 2-phosphoglycolate phosphatase; RubP, ribulose 1-5,bisphosphate.
provided by the oxygenase activity of RubisCO in the light (Figure 1B) , the level of GO-dependent H 2 O 2 production can be controlled by changing the growth conditions. When growing in LL (75 µmol photons m −2 s −1 ) and ambient CO 2 concentration (380 ppm), the GO plants are smaller than the wild-type (WT) plants and present patchy pale-green leaf lamina (Figure 2A ; constant light, CL) as a result of H 2 O 2 production in chloroplasts and overload of the antioxidant machinery (Fahnenstich et al., 2008) . Under HL the GO plants develop severe oxidative lesions and ultimately bleach, whereas combinations of very LL (30 µmol photons m −2 s −1 ) and ambient CO 2 or LL and high CO 2 (4,000 ppm) allow them to grow like WT (Fahnenstich et al., 2008; Balazadeh et al., 2012; Sewelam et al., 2014) . Also, they become as big and green as WT and recover the WT level of photosynthetic ETR in LL when transferred from ambient to high CO 2 conditions (Fahnenstich et al., 2008) . These features make the GO plants a unique, well-established model to study the action of H 2 O 2 in chloroplast retrograde signaling (Balazadeh et al., 2012; Sewelam et al., 2014) .
Interestingly, FL conditions applied to the GO plants growing in ambient CO 2 -in spite of (or maybe because of) the effect of FL to impose photo-oxidative stress-provoke disappearance of the characteristic patchy pale-green phenotype of these plants (Figure 2A) . This reversion to normal green leaf lamina under FL allows the GO plants to maintain similar relative growth rates in CL and FL, whereas WT exhibits growth reduction in FL ( Figure 2B) . The FL-induced recovery of leaf color in the GO plants is most probably due to upregulation of H 2 O 2 scavenging in the chloroplast, as the patchy palegreen phenotype is a consequence of H 2 O 2 accumulation (Fahnenstich et al., 2008) . This assumption, i.e., FL-induced acclimatory enhancement of ROS (H 2 O 2 ) scavenging systems in the GO plants, is supported by the observations made in carotenogenic mutants of Arabidopsis; despite having reduced capacities for qE and carotenoid-dependent ROS (mainly 1 O 2 ) scavenging, these mutants do not suffer from chronic photo-oxidative damage under FL conditions because they can upregulate other photoprotective and ROS scavenging mechanisms by long-term acclimation (Caliandro et al., 2013) . The increased activity of superoxide dismutase (SOD) found in leaves of WT following FL acclimation (Alter et al., 2012 ) also points to an increased detoxification capacity for H 2 O 2 which arises from disproportionation of O Thus, we hypothesize that long-term acclimatory upregulation of H 2 O 2 scavenging occurs in chloroplasts under FL conditions. H 2 O 2 reduction in chloroplasts could proceed mainly via peroxidase systems, including glutathione peroxidase (Gpx) and peroxiredoxin (Prx) in the stroma, as well as thylakoidbound and stromal ascorbate peroxidase (tAPX, sAPX) coupled to monodehydroascorbate reductase (MDHAR) and also dehydroascorbate reductase (DHAR) (Foyer and Noctor, 2011) . Gpx and Prx use thiol-based peroxide-detoxification mechanisms that are maintained by glutathione and glutathione reductase (GR) (Dietz and Pfannschmidt, 2011) . Regeneration of ascorbate by DHAR is also dependent on glutathione and GR, while MDHAR uses NAD(P)H to regenerate ascorbate. In addition to the removal of H 2 O 2 , other photoprotective mechanisms such as CEF and carotenoid-dependent reactions could also contribute to the rescuing of the GO phenotype in FL by keeping the level of ROS production under control (Figure 1) . Indeed, CEF is activated by chloroplastic H 2 O 2 produced in HL (Strand et al., 2015) and carotenoid contents (especially xanthophyll-cycle pigments) increase in leaves exposed to FL (Alter et al., 2012; Caliandro et al., 2013) .
FUTURE DIRECTIONS
So far it is not known whether, and if yes, which H 2 O 2 scavenging pathways are upregulated in chloroplasts during FL acclimation. This could be studied by analyzing antioxidant defense systems in the GO plants during acclimation to CL and FL conditions. An important question that can then be tackled is the long-term acclimation of H 2 O 2 scavenging systems. Signal agents, which are generated in FL conditions and lead to acclimatory enhancement of H 2 O 2 scavenging, must be different from the signals induced by chloroplastic H 2 O 2 produced in the GO plants under CL and ambient CO 2 levels. Close inspections of the GO plants during FL acclimation at different response levels -from gene expression, protein and metabolite accumulation to physiological phenotype-could shed light on components and signal agents involved in upregulation of H 2 O 2 scavenging under photo-oxidative stress. Once candidate molecules are identified, the unique feature of the GO plants, which visualizes acclimatory changes in H 2 O 2 metabolism under FL, can be exploited again as the genetic background to assess the efficacy of those molecules in upregulating H 2 O 2 detoxification. The nature of chloroplast retrograde signaling in FL (dynamic EL), as compared with that in HL (constant EL), inspires further experiments and investigations.
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